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1. ELABORATION OF A JOINT REVIEW PAPER FOR ADVANCED MATERIALS 

In order to emphasize the importance of performing biocompatibility and 

toxicological tests on nanostructures, we decided to write an updated review on 

the field. This contribution was published in Advanced Materials (impact factor of 

8) and has been highlighted by the journal as the most accessed article in two 

different months (February & April 2009). The review is also aimed to motivate 

multidisciplinary collaborations among biologists and materials scientists (see Fig. 

1). The complete reference of this paper is: Hussain, S.M. Braydich-Stolle, L.K., 

Schrand, A.M., Murdock, R.C., Yu, K.O., Mattie, D.M., Schlager, J.J. and Terrones, 

M. (2008) “Toxicity Evaluation for Safe Use of Nanomaterials: Recent 

Achievements and Technical Challenges”. Advanced Materials (Review) 21, 1-11. 

 

 

 

 

 

 

 

 

Figure 1.- Sketch showing the multidisciplinary approach for evaluating the biological responses 
of NMs and identifies the critical questions that researchers are focusing on answering. 
 

Synthesis 
Nanomaterials

• Elemental Composition:  EDX
• Concentration:  AAS, ICP
• Surface area: BET 
• Surface energy: IGC
• Size & Dimension: SEM, TEM, AFM
• Size in Solution: DLS
•Charge in Solution (Zeta Potential): DLS

Material Scientists
Agglomerate

No  Effect

Individual

Nanoparticle Characterization

Biologists

Applications

Biocompatibility

In vitro & In vivo 
studies

Bio Effect

Predictive Modeling
Nanotoxicoinformatics

Toxicity

Q1:  Do the NM come into contact 
with & enter cell? (mechanism?)

Q2:  Do the NM affect proteins of 
the cytoskeleton?

Q3:  Do the NM disrupt internal 
organelle membranes?

Q4:  What is the overall effect to 
cell function (toxicity, cell stress)?

 



 4

2. PRODUCTION OF NANOSTRUCTURES 

We have used the chemical vapor deposition method (CVD) for producing different 

types of multiwalled nanotubes (MWNTs). In order to do that, we set up a new 

sprayer system, equipped with an ultrasonic generator. This new system was 

capable of producing very clean nanotube samples, which becomes even more 

desirable when trying to assess cell viability and bicomopatibility of nanomaterials. 

Figure 2 shows a photograph of the experimental set up that we used for the 

nanotube synthesis. We produced pure carbon MWNTs, nitrogen-doped (CNx) 

MWNTs, phosphorus- and nitrogen-doped (CNxPy) MWNTs, ethanol-based 

(carbonyl, carboxyl functionalized) carbon nanotubes (COxMWNTs) and B-doped 

(CBx) MWNTs. Some of these materials were used for producing uniform 

dispersions (see next section). 

 

Figure 2.- Experimental setup installed at IPICYT for producing doped nanotubes. 
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CNxMWNTs were synthesized by the thermal decomposition of a mixture of 

2.5%wt of ferrocene (FeCp2; 98% Aldrich®) and benzylamine (C7H9N; 99.9% 

Sigma-Aldrich®), follwing the method described elsewhere13. Briefly, solutions of 

ferrocene (FeCp2) in benzylamine (C7H9N) were placed into the reservoir of the 

aerosol generator. The solution was subsequently turned into a mist by the action 

of a piezoelectric located at the bottom of the container. The mist flowed inside a 

quartz tube placed inside a tubular furnace, which was used as a substrate. The 

seed molecules dissociated when the mist reached the zone of the furnace at high 

temperature (850°C). Fe catalyst particles were formed and MWNTs grew 

perpendicular to the inner walls of the quartz tube. The whole process was carried 

out under an Ar atmosphere (Ar flow of ca. 3.5 l/min) for 15 min. The 

experimental parameters reported here are the optimized values that led to the 

highest yields of very clean CNxMWNTs. Using this values, we were able to 

produce 2 gr of CNxMWNTs in one day. Nitrogen was sucesfully incorporated 

within the hexagonal lattice of the nanotube walls, as revealed from energy-

dispersive X-ray analysis (EDX) and X-ray photoelectron spectroscopy (XPS) 

analysis (not shown here). 

 

Similarly, MWNTs were obtained by the decomposition of a solution of 2.5%wt of 

ferrocene (FeCp2) and toluene (C7H8; 99% Fermont ®). The experimental 

parameters used were the same as those of the synthesis of CNxMWNTs. For the 

production of COxMWNTs, a solution of ferrocene (2.5%wt), 1%wt of ethanol (CTR 

scientific®) and toluene (C7H8)14 was used. For the syntesis of CNxPyMWNTs a 

precursor solution of benzylamine, ferrocene and triphenyl-phosphine P(C6H5)3 



 6

(TPP) (Sigma, 99%) was used. This solution was thermally decomposed using the 

same ultrasonic assisted CVD system at a temperature of 850°C. 

 

CBxMWNTs were succesfully synthesized using the same CVD method. For these 

experiments, we dissolved triethylborane (C6H15B) in mixture of toluene and 

ferrocene. The used temprature range was 750-960°C. Carefull caracterization of 

these samples is currently underway, in order to determine the amount of B 

incorporated in the MWNTs. Figure 3 shows representative scanning electron 

microscopy images of some of the nanomaterials synthesized during the project. 

 

Figure 3.- SEM images of pristine nanotubes. (a,d) MWCNT. (b,e) COxMWCNTs. (c,f) CNxMWCNTs 

 

3. FABRICATION OF UNIFORM SUSPENSIONS 

In order to perform an acurate assessment of the citotoxicity of nanomaterials, the 

preparation of stable suspensions becomes crucial. We performed suspension tests 

with MWNTs, COxMWNTs and CNxMWNTs in different media. As solvents we used 

acetic acid, chloroform, acetone, H2SO4, NaOH, H3PO4, hexanes, different 

concentrations of HNO3, ethanol, different mixtures of H2SO4/H2O (1:1, 1:2, 1:3, 1:4 
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ratios) and different mixtures of HNO3/H2SO4 (1:1, 4:1, 1:4 ratios). Concentrated 

H2SO4 was found to be optimal for producing suspensions of MWNTs, followed by 

acetic acid (67%). Figure 4 shows photographs of these optimal suspensions, right 

after one hour sonication and, later on, after 7 days. 

 

Figure 4.- Photographs of MWNTs suspensions in two different solvents. The suspensions were 
placed in an ultrasonic bath for 1 hr. Right panels exhibit the suspensions after 7 days of 
ultrasonication. 

 

COxMWNTs were succesfully suspended in a mixture of HNO3/H2SO4 (1:4 ratio). 

Acetic acid and chloroform were found to be also suitable for suspending COx 

nanotubes (see Figure 5). Acetic acid at a pH of 0.6 was able to suspend 

CNxMWNTs for more than one week (see Figure 6). 
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Figure 5.- Photographs of COxMWNTs suspensions in three different solvents. The suspensions 
were placed in an ultrasonic bath for 1 hr. Right panels exhibit the suspensions after 7 days of 
ultrasonication. 

 

 

Figure 6.- Photographs of CNxMWNTs suspensions in acetic acid. The suspensions were placed in 
an ultrasonic bath for 1 hr.  

 

4. Toxicity Studies 

Silver (Ag) nanoparticles were anchored on the surface of three different types of 

MWNTs. Therefore we synthesized three different types of  Ag-MWNTs (pure 

carbon), Ag-MWNT-COx (carbonyl and carboxyl doped), and Ag-MWNT-CNx 
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(nitrogen-doped). Cellular function and immune responses were evaluated to 

determine biocompatibility of the synthesized nanomaterials on the human 

keratinocyte cell line (HaCaT). Cellular assays revealed toxicity after 24h however, 

full cellular recovery was observed at 48h. These results suggest Ag nanoparticles 

can be anchored on MWNTs and have the ability to interact with the cells and 

preserve cellular function. 

Background 

Ag nanoparticles of extremely small size and large surface area exhibit different 

properties when compared to the bulk. Nanosized Ag possesses a high extinction 

coefficient, high surface plasmon resonance and anti-microbial properties which 

could be less toxic than the bulk form1,2. Currently Ag nanomaterials have a variety 

of uses in everyday consumer’s lives such as: nano-Ag infused storage containers3, 

nano-Ag coated surfaces of medical devices to reduce hospital related infections4, 

bandages5, footwear6 and countless household items which claim to be anti-

microbial. In the future, nano-silver’s high surface plasmon resonance has a 

possibility for many color based biosensor applications and different lab-on a chip 

sensors. While all of these properties appear to make nano-Ag the new “wonder-

drug” of the nanotechnology world, problems arise.  

 

One of the key features of nanosilver is that it has been shown to be toxic in a size 

dependent manner, according to Carlson et. al 7.  The toxicity in the size 

dependent manner is shown to be due to reactive oxygen species (ROS) 

production. A decrease in the membrane integrity allows the leakage of ROS 
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outside the cell leading to apoptosis7. Another mechanism of Ag nanoparticles 

toxicity is believed to be due to the strong affinity of Ag to thiol groups8. Thiol 

groups are functional groups of the amino acid cysteine and are considered to be 

highly reactive. In an effort to make the silver less toxic silver nanoparticles were 

coated with polysaccharide9. Overtime, the coating dissolves in the body again 

rendering the cell to the toxic properties of the Ag nanoparticles. It has been 

reported that Ag-10-PS and Ag-15-HC cause the same decrease in cell viability 

after a six day exposure in neuronal cells10. If the coating is dissolving after just six 

days in the media, the time to become toxic could be much shorter in the human 

body10.  

 

In view of the extensive biomedical applications of Ag nanoparticles it is important 

to synthesize biocompatible Ag particles. One possible method for reducing the 

toxicity of Ag nanoparticles is by anchoring them on multi-walled carbon nanotubes 

(MWNT), which are easily functionalized and have been shown to be non-toxic 

depending on the impurities left in the sample11. MWNTs could be used as delivery 

vehicles due to their chemical structure and unique ability to be functionalized with 

various particles and chemical groups. Functionalization of single walled nanotubes 

(SWCNT) leads to the breakage of C=C bonds leaving “holes” in the structure 

causing significant changes in properties of the nanotubes. Unlike the SWCNTs, 

MWNTs do not have bond breakage in the inner tube shells, and therefore these 

“holes” do not have much influence in the mechanical properties of the tubes, but 

these “holes” are active and could be used as anchoring sites12. 
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Materials and Methods 

Pure MWNTs are promising for biocompatible interaction with human 

keratinocytes. This study had the goal of determine if the anchoring of Ag 

nanoparticles on MWNTs could be used in future to deliver Ag to the living cells 

non-invasively. We used three types of carbon nanomaterials: MWNTs, CNxMWNTs 

and COxMWNTs. These materials served as substrates for the anchoring of Ag 

nanoparticles and were synthesized by CVD (for more information please refer to 

the first part of this report). 

 

The three different types of nanotubes tested in this work were used without 

further modification (e.g. acid treatments). The general procedure consisted of 

adding 1mg of the nanotubes to a solution of acetone (C3H6O; 20 ml) and silver 

nitrate (AgNO3; 83µl from a solution 0.1 N, J.T. Baker®) in a flask. Subsequently, 

the suspension was dispersed ultrasonically for one hour. The solution was then 

placed in a water bath to increase the temperature to ~56°C, and at this point 10 

ml of N,N-dimethylformamide (DMF, 99% Sigma-Aldrich®) were added as a 

reducing agent; the temperature of the suspension was maintained for 20 

additional minutes. Subsequently, the nanotube samples were centrifuged, washed 

with distilled water twice and dried at 70° C in an oven. 

 

The characterization of the composites was carried out by SEM, using an FEI XL30 

FEG/SFEG, operated at 15 kV. The X-ray powder diffraction studies were 

performed using an XRD D8 ADVANCE – BRUKER AXS, with a Cu Kα radiation (λ = 

1.54060 Å). The operating current and voltage were maintained at 35 kV and 25 
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mA.  High resolution images were taken with a HRTEM -field emission JEOL-JEM-

3000F operating at 300 keV.  

 

HaCaT cells were donated generously by Dr. James F. Dillman III, of the U.S. Army 

Medical Research Institute of Chemical Defense 3100 Ricketts Point Rd Aberdeen 

Proving Ground, MD 21010-5400. The HaCaT cells were maintained in RPMI-1640 

with 1% Penicillin-Streptomycin and 10% FBS at 37.0°C and 5% CO2
15. The cells 

were passaged using Trypsin-EDTA and PBS when they reached 70-80% 

confluency. For nanomaterial exposures, RPMI media supplemented with 1% 

penicillin/streptomycin was used.  

 

CytoViva imaging was used to determine the interaction between the Ag-nanotube 

systems and the cells as previously described16. Cell viability was assayed by MTS 

as indicated by the CellTiter 96®AQueous One Solution from Promega, which 

measures mitochondrial function and directly correlates to cell viability. The 

relative cell viability (%) related to control wells containing cell culture exposure 

media without nanoparticles was calculated by [A]test / [A] control x 100, where 

[A]test is the absorbance of the test sample and [A]control is the absorbance of 

control sample. Each experiment was done in triplicate. 

The mitochondrial membrane potential was measured to examine changes in the 

mitochondrial membrane, which correlates to ROS production and apoptosis. The 

cells were exposed to 25µg/mL of Ag-nanotubes 24h. The protocol from the Mit-E-

Ψ Mitochondrial Permeability Detection Kit (AK-116) was used throughout the 

assay. The cells were imaged using the confocal microscope and MMP was 
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measured based on images and computer software, which compares the 

fluorescent intensity of each well to the control. 

 

Results  

The nanotubes differed in chemical reactivity according to the thermogravimetric 

analysis performed. The reactivity observed can be summarized as follows: MWNTs 

< COxMWNTs < CNxMWNTs. Figure 7 shows STEM images of the MWNTs/Ag 

composites and their particle size distribution. The MWNTs/Ag composite is 

presented in Figure 7-(a-c) with an average particle size of 6.64 ± 2.25 nm. Figure 

7-(d-f) shows the COxMWNTs/Ag, and this composite presented a bimodal 

histogram in the Ag particle sizewith an average size of 11.75 ± 4.65 nm. Finally, 

Figure 7-(g-i) shows the CNxMWNTs/Ag composite, this material also exhibited a 

bimodal behavior in the Ag particle, giving an average value of 13.25 ± 3.94 nm.  
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Figure 7.- SEM images of MWNTs (a,b); COxMWNTs (d,e) and CNxMWNT (g,h). The Silver (Ag) 
particle size for each particle type of tube is also depicted: (c) for MWNTs is 6.64nm, (f). for 
COxMWNTs are 8.82nm and 12.70nm, and (i) for CNxMWNTs are 10.70nm and 13.94nm. 

 

The inflammatory response of the HaCaT cells to the nanotubes was measured 

using real-time PCR. HaCaT cells typically produce IL-6 and TNF-α, so these 

cytokines were chosen to be measured17. IL-6 and TNF-α primers were ordered 

from Integrated DNA technology (IDT) and used for PCR. Cells were plated at 

300,000 cells/mL in 6 well plates and dosed with 25µg/mL of the different 

nanomaterials for 6h and 24h. After each time point the RNA was isolated using 

the Qiagen RNA isolation kit. The isolated RNA was then NanoDropped to 

determine the amount of RNA present in the sample. Then 1µg of RNA was used in 

real time PCR analysis. The Express Script from Invitrogen was used and 100nM 

forward and reverse primers for TNF-α, IL-6 and beta actin were used. On the 

Stratagen MX3005P the RNA was reverse transcribed for 30min at 50°C and then 

amplified using a cycle of 94°C for 30sec, 60°C for 1 min at 40 cycles. The TNF-α, 

IL-6 expression was normalized based on beta actin expression. 

 

Changes in inflammatory response can provide information about the cellular 

environment and determine cellular stress. Figure 8 shows the PCR results at 6h, 

and illustrated slight increases in TNF-α and IL-6 when compared to the control. 

The MWNT-Ag, CNxMWNT-Ag and COxMWNT-Ag all showed a small initial increase 

in IL-6 and TNF-α, but it was not considered significant.  After 24h, the increase in 

IL-6 did not change in any of the treatment groups, but TNF-α continued to 

increase (Figure 8) in the MWNT-Ag and COx-Ag. This could be due to IL-6 
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stimulating the immune response of TNF-α, thus leading to inflammation, cell 

death and viral inhibition.  

 
Figure 8.- Change in inflammatory cytokine expression following A.) 6h B.) 24h exposure to 
nanomaterials. PCR results looking at the inflammatory markers TNF-α and IL-6 in HaCaT cells 
show no significant increases at 6h for TNF-α or IL-6 and significant increase in TNF-α for Ag-
MWNT and COx-MWNT. 

 

The increase in TNF-α could activate the NF-κB pathway and result in transcription 

of genes involved in stress and inflammation. NF-κB can lead to apoptosis or 

cellular recover and due to recovery assays we performed we can hypothesize the 

cells are recovering18. Measuring the mitochondrial membrane potential at 24h 

after exposure showed a significant decrease in mitochondrial membrane potential 

(Figure 9A). The significant decrease in MMP indicated a decrease in cell viability.  

The decreases in MMP provide information that the cell is undergoing oxidative 

stress and possibly preparing to undergo apoptosis. Pictures taken with the 

confocal microscope showed the same qualitative results. The pictures showed 

more red fluorescence in the CNxMWNT-Ag and COxMWNT than the control (Figure 

9B), and also slightly more red fluorescence in the MWNT-Ag, indicating a 

reduction in mitochondrial membrane potential (Figure 9B). Control Cells showed 
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no red fluorescence, while the positive controls showed high amounts of red 

fluorescence indicating that the test was adequately performed .  

 

 
Figure 9.- The reductions in mitochondrial membrane function (MMP) after 24h of exposure to 
25µg/mL of nanomaterials. A.)Change in mitochondrial membrane potential of nanomaterials 
treated cells compared to the untreated control and positive control dosed with hydrogen peroxide. 
B.) Qualitative Confocol images of HaCaT cells A.) Negative Control, B.) Positive Control, C.) 
MWNT-Ag, D.) CNx-MWNT-Ag, E.) COx-MWNT-Ag. 

 

Mitochondrial membrane potential measures the amount of hydrogen ions pumped 

across the inner mitochondrial membrane during oxidative phosphorylation and the 

change in the amount of hydrogen pumped out is measured and related as the 

mitochondrial membrane potential. A decrease in the mitochondrial membrane 

potential also leads to the conclusion that the cells are responding to an oxidative 

stress. 

 

Figure 10 shows the MTS results of the HaCaT cells exposed to varying 

concentrations of Ag-nanotubes. The cells have completely recovered from the 

exposure by the 48h timepoint (Figure 10). The decreases in cellular viability 

observed after 72h and 1 week could be caused by the cells having a large 

increase in viability at 48h and becoming over confluent, thus causing cell death. 

A

A       B              C                 D      E B
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Cell viability could also have decreased due to the cells being placed in the 

exposure media, which does not contain the FBS needed for normal cellular 

growth.  

 
Figure 10.- Cell viability in HaCaT cells exposed to different carbon nanomaterials at varying time 
points A.) MWNT-Ag, B.) CNx-MWNT-Ag, C.) COx-MWNT-Ag.  

 

Discussion 

MWNTs have a potential use as an imaging agent or as a biosensor. Due to their 

near infrared emission they are able to respond to local dielectric function but still 

remain stable19. MWNTs also have the ability to be doped with different functional 

groups providing more hope for their future use in these fields. Detection using 

MWNTs would allow us for greater tissue penetration and reduce fluorescent 

background. Imaging would last for under 24h and therefore would be considered 
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an acute exposure. Therefore, and based on our results, we would expect to 

observe an immediate inflammatory response, but the body could recover from 

this exposure. With the cells being able to recover, this technique could be used in 

future imaging procedures. It is also important to mention that these Ag-tube 

systems do not contain any thiol group, and further studies with Ag nanoparticles 

with thiol groups should be carried out. Our study examined the biocompatibility of 

MWNTs coated with Ag nanoparticles, a known anti-microbial agent, and doped 

with nitrogen and carbonyl groups to increase the biocompatibility.  

 

While the cells show this initial inflammatory response, we observe that they also 

have an ability to recover over time, which leads us to hypothesize the activation 

of NF-κB is leading to recovery. The inflammatory response must help the cells to 

recover from the exposure rather than send the cells directly into apoptosis. The 

results of the MTS a 24h, 48h, 72h and 1 week reveal that the cells show an 

increase in viability over time and thus recovery. The recovery period occurs in as 

little as 48h for each of the exposures. After the 48h time point we do observe a 

decrease in cellular viability, but this is not believed to be due to the presence of 

the nanomaterials. This is possibly due to the cells becoming too confluent in the 

96 well plate, and being in the exposure media for long periods of time. Figure 11 

shows all three types of MWNTs coated with Ag entered the cells, and were bound 

to the nucleus or nuclear region based on the CytoViva imaging. We could also 

determine the binding due to the high concentration of MWNTs in the images 

taken after 1 week. The cells had been washed and placed in exposure media for a 

week. The human keratinocytes appeared to exhibit some actin filament disruption 
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caused by the Ag-MWNTs. However, the MTS results showed no toxicity, but 

rather an increase in cell viability. Some of the actin filament disruption could be 

due to the exposure media, because the cells do not grow normally due to the lack 

of FBS. This is also indicated in the control cells, which appear to become rounded 

over time.  

 
 
Figure 11.- CytoViva imaging of HaCaT cells dosed with nanomaterials and then stained for actin 
Control HaCaT cells at A. 24h, B. 48h, C. 72h and D. 1 week Ag-MWNTs at E. 24h, F. 48h, G. 72h 
and H. 1 week. Ag-CNx at I.  24h, J. 48h, K. 72h and L. 1 week and  Ag-COx M. 24h, N. 48h, O. 
72h and P. 1 week Each picture with each particle type shows localized nuclear binding with the 
nucleus stained blue and the actin filaments stained red/orange. The particles appear as the bright 
spots. There appears to be limited actin filament disruption in comparison to the control pictures. 
Binding can be determined based on the number of particles seen even after the 1 week time 
period in the exposure media.  

 

The ability of human keratinocytes to recover after an acute exposure 

demonstrates these Ag-nanotube systems still have a possibility for being used as 

delivery systems even, with an initial toxicity. Table 1 shows the summary of the 

acute exposure to the nanomaterial composites. 
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Ag nanoparticles have shown to be toxic in a size dependent manner. In particular 

Ag-15 has been demonstrated to be toxic to BRL-3A cells, C18-4 cell, and 

macrophages. Ag-15 has been shown to be toxic regardless of the coating, which 

was in agreement with the results that Ag toxicity increases with size reduction9,10. 

Silver is the most toxic at small sizes due to its ability to produce more ROS at the 

smaller sizes.  

Table 1. Summary Table showing particle size, cellular morphology, change in 
mitochondrial membrane potential, inflammatory response and recovery 

 
 

The Ag nanoparticles used in this study were all under 30nm and should have 

been toxic in a size and dose dependent manner. When comparing ROS production 

and cell viability between previous studies and our study at the same 

concentrations and time points, we observed a much greater increase in 

biocompatibility in the Ag nanoparticle anchored on any type of MWNTs rather 

than isolated Ag nanoparticles.  

 

All three carbon nanotubes were coated with Ag, but interestingly those Ag 

systems containing the CNxMWNTs and COxMWNTs did not increase 
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biocompatibility. MWNTs with nitrogen and carbonyl groups produced a greater 

reduction in mitochondrial membrane potential versus the pure carbon MWNTs 

(CNx>COx>MWNT). Nitrogen and the oxygen from the carbonyl group could be 

forming ROS products within the cell. The functional groups could also be 

interacting with proteins or cell structures. These interactions could lead to the 

inhibition of cellular processes causing the reduction in cell viability. While they do 

cause the reduction in mitochondrial membrane potential, the presence of MWNTs 

first creates an inflammatory response to protect cells, but then they are 

responsible of repairing the human keratinocytes.  

 

In a study performed by Cheng et al20, the acute and long term effects of 

functionalized MWNTs were examined in zebrafish. In the early stages, the 

zebrafish generated an immune response. The zebrafish that were exposed to the 

MWNTs produced an initial response, but the nanotubes were cleared from their 

body after 96h. However, the second generation of the zebrafish had lower 

survival rate suggesting that MWNTs had no significant toxicity initially but did 

display long term effects on the progeny. These results agree with ours showing a 

significant inflammatory response followed by the cells capacity for recovery.  

 

Nanomaterials hold the key to several unopened doors in the science field, but 

several questions still need to be answered. Is the possibility of a toxic reaction 

worth the risk? Further biocompatibility assays need to be performed before Ag-

nanotube systems can be considered for medical or biological uses. If we can 

functionalize carbon nanotubes to be biocompatible the possibilities are endless. 
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Toxicity Evaluation for Safe Use of Nanomaterials: 
Recent Achievements and Technical Challenges 

By Saber M. Hussain/( Laura K Braydich.5tolle, Amanda M. Schrand, 
Richard C. Murdo ck, Kyung O. Yu, David M. Matti" John J. Schlag'r, and 
Mauricio Terrones* 

Recent development!; in the field of nanoteChnology involving the synthesis of 
novel nanomaterials IN M) have attracted the attention of numerous sc;ien. 

lists owing to the possibility of degradative perturbations in human health. 
This Rel/iew evaluates previous Investigations related to NM toxldty studies 

using biological models and describes the limitations that often prevent 
toxicologists (rom identifying whether NM pose a real hazard to hUmlln 

health. One major limitation to assess toxicity is the characterization o(the 

N M prior to and afte r exposure to living celis or lInimals. The most relevant 
physicochemical charaderisfics of NM are: size, surface chemistry, crystal­
linity, morphology, solubility, aggregation tendertcy, homogeneity o( disper. 

sioms, and turbidity. All of these properties need to be ilssessed in order to 
determine their contribution to toxicity. Due to the lack ofappropri;zte 

methods to determin.: the physicochemical nature of nanopartides in bio­
logical 5:YSiems, the exact nature of NM toxicity Is not fully described or 
understood at this time. This Review emphasizes the need for state-of·the-art 
physicochemical characterization, the determination o( appropriate exposure 

protocols and reliable methods for assessing N M internaliution and their 

kinetics In living organisms. Once these Issues are addressed, optimal 
experimental conditions could be established in order to identify ifN M pose a 

threat to human health. Multidisciplinary research between materials 
scientists lind life scientists should OIIercome these limitations in Identifying 
the true hazards of NM. 

addition to their sma!! size, in comparison 
10 their bulk C()unte>rparts, NM have an 
increased surface area and re-activity. which 
allowll th .. m to 1:iI.~ily tr3nsloc~te t:cl l 
mernbra nc~, dfidr.nl ly hind o1OI('<:\,I3.r 
sp,d(;!;, ~nd c_~ta IYl.e clwmkal reactions. 
In au:ordance with theu enhanced proper­
ties. NM Iuvl.' bf..en proposed fOI use in dIe 
fal}, i<;a tion of various device< such as 
<:~1.:J1Y'>1$ • .sen!!'>.." com"""i! ... fiJl",-,; , "!;h13. 
tors, I.ru~isto(l1;. dtut:: and &enc delhe,,'I's, 
biosensols, virus inhibllors, . nd protein 
l ulinooilizers. Howevel, nUlSSivc qU~lltilJes 
ofNM WQuid nred to be producro for these 
applications to be rNii:-:ed thereby increas­
ing the potential risk of hunun exposllre 
and raisiug additioual CQllcern about their 
short ~nd lon!,:_t{'ml lo:<k.ologiol d(ccts. 
ThNc{orl', ~ nl'(~~ry Fit~t ~t('p in :W;~­

~Ing NM ~af!'ty i~ to ~t:lhli~h reHah!r­
SOUrceJI of NM, defin~ and accur.ltely 
char;u:teri7.e NM properti~ of interest. 
and Ilnder.st.,nd thf' signiFicJnr.e of NM 
i nlp'r;u~ion~ with rf'll'V~nt biologkal S)'~. 

to'UI!I. Howt"Oer, pliot to NM inuooudiou 
ill to aqueou~ media for Itanotoxicity stu· 
dies, the optimization of synthesls tedu,i· 
qu~ to produc .. the ~me mat"ri:Js, 3Q:OUllt 
for \·arialiolls in NM ~roperHes, and quality 

1. Introduction 
(onliol proo::edlUes must be in placE' . 

Ovl'r thl' last d('(ade, n('W\y synthesizl'd n"noma\crials (NM), 
l'xhibiting a single dimension in Illl' r;mgt' ofl_JOOnm.l1 •11 havl' 
rn-.. n foond to !!xhibil fa.';f:in~ti ng phY"ico<:h~mica l properti(":ll. In 
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An E"X]}bnat i(Jn (lfthedifT .. rellt ph)'"Skii dlar3(1.PristiCll, such as 
~i7.(', morphology, sur/ace chemiMry, ~nd hiologinl (();lting~ 

which re!lll its lrom Ih!!varir.ty of ~"ynthClil~ teo::hniqul'!i n~d to be 
unde-mood in ~ biologiu l context in order to inlprove-th!!c:cisting 
mC1hods and devclop nt'w asuys with ~ppropriate qU.llity· 
:t.S!5IIrOnn' control.>< 31 b<;>lh the 3cademic r .. ""ar~h and m;lJlu, 
!: .. :lurP.<! (>n gin~ring levels. P,,~ana lytiClI .. rron; could origin"'e 
d"ri ng Ih .. m3nllr.ctur i ng~lag{' and rf":'l"a rchI'TS ~hould not .olr-ly 
TNy on d~t., from th .. prod llction indnsl.ry or ~~sllm{' thaI NM 
ten .... io ulLdlan~ed lhroughout the duraliou of eApel"lm~lIlS. 
AddluonoJ variations in NM proverlie->; f,olll different balC.he~ or 
sourcl'S can lead to I'rroneoxlS resulu. r-or t'.>:Impll'. if two 
n:wosi~ed powders (e.g .. silvl'I aliI.! carl>on l ale pruduced Loy two 
cOIllp;tuies ~mployilll: difTNl'nt syntllt>Sis tf!t:lmiqul'll, llle 
following 'lwstions arisl.': are th~ powders similar f:nuugh to 
]x, ,:ouliiderO'd tile SJ.JII"~ If not, which cllilraderi.!;l.kl>\ are ~illlib" 
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Toxicity Evaluation for Safe Use of Nanomaterials: 
Recent Achievements and Technical Challenges 

By Saber M. Hussain/ r Laura K. Braydich.Stofle, Amanda M. Schrand, 
Richard C. Murdock, Kyung o. Yu , David M. Mattie, John J. Schlager, and 
Mauricio Terrones* 

Recent developments in the field of nanotechnology involving the synthesis of 

novel nanornaterials IN M) have attracted the ;rttentlon of numerous sden­

lists owinB to the possibility of degradative perturbations in human health. 

This Review evaluates previous Investigations related to NM tox1dty studies 

using biological models and describes the limitations that often prevent 

toxicologists from identifying whether NM pose a real hazard to human 

health. One major limitation to assess toxicity is the characterization of the 
N M prior to and afte r exposure to living cells or animals. The most relevant 

physicochemkal characteristics of NM are; size, surface chemistry, crystal­

linity, morphology, solubility, aggregation tendency, homogeneity of disper. 

sions, lind turbidity. All of these properties need to be IIssessed in o rder to 
determine their contribution to toxicity. Due to the lack of appropriate 

methods to detetmine the physicochemical nature of nalloparticies in bio­

logical 5:Ystems, the exact nature of NM toxicity is not fully described or 

understood at this time. This Review emphasizes the need for st:r.te.of-the-art 

physicochemical characterization, the determination of appropriate exposure 

protocols and reliable methods for assessing N M Intemaliution and their 
klnetic:s In living organisms. Once these Issues are addressed, optimal 

experimental conditions could be established in orderto identify IfN M pose a 

threat to human health. Multid isdplinary research between materials 

scientists and life scientists should overcome t hese limitations In IpentlfYing 
the true haurds of NM. 

addition 10 their small size, in comparison 
10 thdr bulk (Ountc>rp;Hts , NM have an 
inneased surface ~rea and (eactivity. which 
~lIoWl'l L1lr'm to f'OIRily tr3nlo'loc:~t" rci l 
n"!Tllbranc~, dfid<:nlly hind mnlc<;ul~r 

s[lfdcs, Jud r..IIlII)'l'.c clwmiul w~ctiQns. 

In au:ordance with theiJ enhanc!"d proper­
ties. NM hay!' Jx.en proposed fOlll5e in the 
fabriCltion of v~rio"s device< .such ,s 
C,~1Y'>1S. seno;or_~. compos;l ... fiJle,.,; , a(h'3. 
tol>!, I.raoslstof~, drug and gene ddherers, 
biosenirolll, virufl inhibitors, ""d protein 
immooilizers. Howevel, massive qUJll lilie:! 
Q{»J M would need to be producc«j for these 
appli(at ion~ to be re-alizl"d thereby iUCfr05-
iog the poIential risk of human exposllre 
and raisin!: addiLiuual ro ucerll about thlili 
.hort and I"'ng_\"rm lo~~.ol0i:jo l r.rf<'l:\s. 
n lPrc{orp, ~ mx('!!lsary fir~1 ~t'11 In anN;­
~j ng NM s.3rMy i~ 10 Nt;rbli~h rr-liahk 
sources or NM, defin~ and accur.lte!y 
cl13r.1ct .. rin NM properti~ or in~Te$I.. 

and und l'1"st..,nd tht' signifi(Jnr,e of NM 
inter.lcti(ms wilh rl'l .... "nl biological sy~­

t<'UIli. HOWl'"l'~r, pl"iOI to NM inUooultiorl 
inlO o:!q"eou~ nlt.'<IfJ lor nanoloxidty Stu­
dil"S, Ih~ optimi.:Lalioll of synth~si;; ledUli-
que; to product- the !oU",e maleriili, au:oullt 
ror variaUolls in NM propelties, and quality 

1. Introduction (onlrol procedures musl lie if I pb(e. 

Over thr: last dC'C3dc, n('\Viy synthesi2Cd OJoolll3«'rials AN M), 
('~:hipiting ~.sillglc dim(,JlSiorr in the r:mgc ofl-100om,ll. havc 
Iw .. n r"und to Ilxhibit ra.~rin~tiog ph)'llicocltv.mior l p.opertil:ll. In 
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All expl<l.nalion or lhediITeJ1;'tlt phy~kll d13.!llcl"risLIClI , su<:h as 
$;~(', morphology, ~urf3(C chemi~try, alld hiologiul m;r.ling!;. 
which rel1Illt:i ltOm the varirty of.~"yn lh !l!iL~ l!XhniquP.!l ncr.d 10 IX': 
undcfStood in ~ biological (onw.t in ordcr \0 improvethet'Xisting 
ml.'thods altd d('vclop new asnys with appwpri~te quality-
:U;"'IT~n{"" {onlrob5 al both the .1cademic ... ""a.r-h and m.:IJlU-
bdmed <'ng;n~ .; ng IllYel~. Pll'-analytio:::.l ... ron; mllid migina'" 
dl ,ri ng Ih .. man"rar:tUf ing St3g<' and r..,. .. arch .... s .holl id not snh4y 
rNy on data from Ih .. prodllction industry or 3"SlIm" thai NM 
rem;l;n unch~nl!ed llHou~houl th~ dural ion of ~xp~limt"lIlS. 
Addltion~l variations ill Nt.! propertie-s from diJTt"rent bat.:h~s or 
source:.; can lead to erroneoxlS results. r·O! l'x;rmpl~. if twO 

nanosi~ed powdt'fS (e.g .. s il~t'l" atHl caloon ~ all.' produced Loy two 
tOUl p;rnil'S t'mployirrl: diITf':It'rrl synlh!'~is tedmiqul'lI, Ill!' 
following questions atisll>: 3te till' fIOwders Aimilar elluugh to 
[x, ,:oWliderO'd Ille s3ttre~ If trot, which r:lI;r.rdcl~risuOl 3Ie~irllilar, 
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Saber Huss ~ in , wtlO lias a 
docIe.at d<:grcil in to~koJQgy, 
Iuds a &.o"p of scientists 
st"dyiflg lhe bio\ogiu\ illle.-
3ctiOn Qf nanon1al./:.ia\s for 
Io~ieily ;$"~ ~t AI'R: L's 
711\11 Hurnall Peri'orrnan«(': 
Wln~ Human £fTe<.loveness 
Dlr«totale, Blosdences and 
p.oIC'd.jon Division, Applied 
Biolecll"ology B r~ncll , lie 

also ~ef\les as AdllJtlct 
A~sod~tll ProresSor or 

Dl!p~'lrnenl or PhanT\8cology' and Toxicology, Wright Sta le 
Uni~ersity School of Med;Cir1~, Daylon, O t I 

M~uri<:io Temm es r<:a:1V<!d 
his f'hD in 1998 from Unl­
ver5ity of S-usse~, under tile 
supef\lision or.Si . Prof, Ha.­
C>ld w_ I(,oto (Nobel l..ilI ..... e­
atll, FRS) and Divid R. M. 
W~!ton (FRSq. Aged 40, he 
is C).l(fen.lly a fUll Profe sr.o. at 
the Ins!ilulo Polos.oo de 
Invesligaci<Sn Cienllrll.'lI y 
Te<nol6gica (IPICVT·Mexicoj 
aod le;oder of the Natio"at 
Laborato'1 fo r Nsoosc1ef'ICe 
alld Nanotccll""logy 

Resea,eh (LINAN) ill Mel<'co. His .esclI rd, concentrates on 
Ihe th~l'f, .syr'lihesi~, toxicity ,,,,d physlcocllerniCilI ch~r~c­
ter;~3IiOrl of lIovel laye.ed n~nomate(ja l s, as wel l as the 
irn p<)rtang: of dr:~eb In nanoslrudures, 

which (ha"'ct<:ri!l'!ic!i vary from Ihl' othl'r, and wll~' ar.ro,m'. ror 
th""'e dirrerern;",,~ An ~dditional j>Oint III ~onsider i~ whl!l.h!!T or 
not Ihe N'M si~c$ '<tn be manul:t(tured \Vith ~ tlniform or 1UJT('J1V 
size disu iblltion. TIlesP f~(tors complicate Un" comparison orNM 
from different c:ompanit:$, thus limiting the supply of (harJcter­
i:.-.oo rnattrials to one 01 a few mallUfaclweu, fllld make il Wl)' 
di flir.ul! Itl ~nmpaTf' l<th-tn-Iab biologkal ellr.e\.~ •. FOrlllnJt<'ly, 
geocral metbods used to dlaracterire such NM in biological 
systi'rns (Quid <t nSWCf these qU\'$ tions ~nd allow liS to C\I~IUlt('. 
cbangt"S ill leI IlIB of biological [nlPlactions. 

TIle- issue-s discussoo above- revf'~1 the uted lo establish 
r.ompre:hensivp c hJr"r.teri7;~tion of the NM ~;ng l!lCamined in 
nanoio"kity $Iudies . TI ,,~ pruperti ... ofNM that collid potentially 
cootribute to tl);ridly indudc: sizc. morphology. mass, composi­
tio n, crystalllnity, swfac:e afro. surface chemistry. leaCl;"ity, 
illPlmal response, aud enelgetic behavior, The!!(' properties raise 
questions .:oncernill8 adequat~ dosimetry and accurate mHhods 
for dl'tccling NM in biolo!!ira l li"I"'" Addition"Uy, standard 
rMc",nc(' m<l\('rials (SRMs) need to be< drfincd to aid in NM 
duractcrization and lllou' an ilW.lralC Il1>-to-lab compariSQn, 
CurrentJr, S kM~ all!' being developed lry ille Nat ionalllllititute of 
St., ruI~ rd. and T.drnol"!P' (NISl) and lhe Nalion,l Institute for 

~ fnie rSc ie nce' 
..... ,"m"" .. "'" 

Or.(ul'~tional s..frty ~nd Health {NIOSHf for l'hysk;.l ~nd 
chemical charact('!iu.tion induding gold NMs (siles ranging 
from 1 to lOOnm) ~nd ot h('t "'('mental thin films and 
sinflle-p113se nanosl!3le p~ l lideg.11 1 The olily exi.llling NMs with 
SRMs ,re pory.;tyr~e 'phert's in waler sUSJl"!nSlon\~~1 and somt' 
typt:l of carbon nau(,tubo.s.111 However, there ale 110 standard cell 
1inl'_' or models in which Ihese: matl'ri.aL~ haW! bf.t,n consi.ll'ntly 
tested , which lead:!: toapparentdi.s(repan<:ies in the- actual to:ttcity 
of similar mat{>Jl:ll s and no cOllcrt:«: (onclusioos r'1;ardillg NM 
safety. 

C.oIbboralion betw ... n mall!fial ...... i .. nti.'-" and lif", ;;c'pnli.ts is 
l'riti~al ill ",.king pmgr<:li5 in Ihi' r.tpidly growing fidd . Fi.st, 
diso.lSSions regarding the syntJlesislechniqlleS used by materials 
sd~ntists and the resulting NM properties need to ~ understood 
flOIll a L>iolol(ical pt'rspective rega.Jdint:, thell reactivity, dispe r­
sion, 1"'r~i"tl'",,;e, a"d ~oIl1bility. TI, .. pr~liminary ~'OJL~ (ould 
indude inlprOVP.d, e nyironmenl31)y fri~dly w~ys tn synthe'li"~ 
NM, gre~tcr rcprodudbility and uniformity ofNM c.h"r~f;t~r~~1i<:l< 
such as ~h:!", morphology, surface chl'mistry, and tJw develop­
mentofSRMs. From bask 1I~St:ardllo al'~licatious, lheswfa,e, 
plOpetties of au NM must ~ ca(~fu.Hy dlaucterizoo alld 
I'V:Iluated in relpvanl. model.o!. Th~ dyn~mk nature of NMs in 
bioJogial systems is of p~rticlllM important(' as tJlcir properties 
(Il~y r.hang(: d<']~nding on t.he cnvironment (I' .g" the pH), 
transport , ~nd mechanisms or .lCcuml~atioo. d('gradatioll. and 
n~lt':lI:!e. Fill~lIy, more app, opriate;;u:,imnl studies and modelin~ of 
mll1tipleJy,~Ir.ms ~nd r(lU\lSofNM e!<pObl,'re, and tran~I OC3tion in 
Ihe hum.," body will hi' neces,;."yto ll'a]iSIit'ally assess the ' iskof 
NM, Figurl! I lHu~trail:'>i tile mllitidi $ci plin~ ry app'Q~ch, whkh is 
essential for e rrE'CIivel y e..alllating the biological responses ofNM, 
and identifies the critical questions that rese:ucher~ are focusing 
on a.JlSwering. 

Tlwreforp. the focus nfthiJ! R...,iewWllll:>!- 10 !;um mar1ze briPAy 
the important rcst.tlts of n~notoddty studies cooducted to da~ 
wilh ~n "mph~.~is on NM r.haract .... istir$. th~t ~m ~\I~pP.r.too to 
contribute to their toxic: potential as well as pitfalls and limit~tions 
th~t should be ~ddre-~"" by ooth m~t .. rials 5(:ient;;;1s and life 
SciN!li:!l~. A d..,....,.ipl ion oflhl' ':IJ"rn' in vil ro a nalys;~ l!'(hniqoN< 
and m31,.,.i.,I~ rharactl',i7.;1tinn n\l~thod~ will"" di~r.\ll;~M within 
Ib(' context of the onBoinB ch~Ucnb'<'s and rccommend;ttions I"ur 
!Je made fot' achlpvlIlg 010'" relbble llleasUU,g of NM gafety. 

2. Nanotoxicity Overview 

2,1. Target Systems, Orpns, and CeHs 

S('\I!"ral in vivo and in vitl'o ~ tudies haVf' d!"mOllBlrated tJl,l[ NM 
could iJlduce lCl>:cicity in multipl!" Olga" SystculS. A lalge portion of 
th~ stlldir.!l h1lVt! fOC\] ~c:d on lung cxpo.,ur<! b«au!;<' jnllal~tion is ~ 
major .;0"'(1' of lIi!;lIer.do~ .. ~~'rl' al)d, 1I itima t,.jy, "1'.<lpnlic 
absorption. Since rr-al ('~-posure nlay OI'Cll r by ;u(idC'nt~1 ingestion, 
~birorpt.io" tluough th .. skin, illhalation 01 by sysll'.nlC' dosage fOI 
diagnostic and therapeutk purposes., it is in1pOrtant to evaluate NM 
ill otJle] 3)'Stelll!l in addition to lu.ngs. Boill l~boratotY-Ktnerated 
~nd amhiel1l NM are ""p"hl~ of p.odur;n!! p"lnmnary inOamm~_ 

tion , and can also allkt othC>I otg~ns by paSSi~ t\ll'()l.]gh Ih(' lung 
epithc!lum;utd reaching intC>Isr.i.tiaJ t.iss1.Ies.I~· nUs df(>(t seenlS 

fIJh. Mo,,,, 1m 21, I_II 
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